On the basis of information theory and statistical methods, we use mutual information, ntuple entropy and conditional entropy, combined with biological characteristics, to analyze the long range correlation and short range correlation in human Y chromosome palindromes. The magnitude distribution of the long range correlation which can be reflected by the mutual information is P5>P5a>P5b (P5a and P5b are the sequences that replace solely Alu repeats and all interspersed repeats with random uncorrelated sequences in human Y chromosome palindrome 5, respectively); and the magnitude distribution of the short range correlation which can be reflected by the n-tuple entropy and the conditional entropy is P5>P5a>P5b>random uncorrelated sequence. In other words, when the Alu repeats and all interspersed repeats replace with random uncorrelated sequence, the long range and short range correlation decrease gradually. However, the random uncorrelated sequence has no correlation. This research indicates that more repeat sequences result in stronger correlation between bases in human Y chromosome. The analyses may be helpful to understand the special structures of human Y chromosome palindromes profoundly.
I. INTRODUCTION
In 2003, the sequencing of the human Y chromosome was completed. The most prominent features are eight palindromes (P1-P8), their arms ranging from 9 kb to 1.45 Mb in length. These arms are imperfect in that each contains a unique, non-duplicated spacer, 2-170 kb in length, at its centre, and have arm-to-arm nucleotide identities of 99.94%-99.997% [1] . A DNA palindrome is a sequence of duplex DNA that is the same when the strand and its complementary strand are read in the opposite directions. The perfect palindrome sequences are not stable; enhancing its stability usually requires sabotaging the central symmetry of palindrome sequences through the addition of asymmetry [2] . The palindromes in human Y chromosome are imperfect, and can form hairpin or cruciform structures through intramolecular base pairing because of the spacer in their center [1] . The palindromes in human Y chromosome carry recognized protein-coding genes, all of which seem to be expressed specifically in testes [3] . Accordingly, the palindromes play an important role in the long stability of the evolution of human males. The palindromes * Author to whom correspondence should be addressed. E-mail: wyqiu@lzu.edu.cn have some unknown structure and function, therefore, interpretation of its special structure and function, as well as how to describe and characterize them, are opportunities and challenges for the theoretical biologist.
The statistical analysis of DNA sequences is of importance for understanding the structure and function of genomes. Several statistic methods have been proposed to study DNA sequence, such as autocorrelation function [4] [5] [6] [7] , Fourier spectrum analysis [5, 8] , DNA walk [9, 10] , computational linguistics [11] [12] [13] [14] , and information theory [6, 8, 12, [15] [16] [17] [18] [19] [20] [21] [22] . As far as we know, the statistical results can reflect biologically significant features, for instance, the periodicity of 3 bp indicates the presence of coding sequence [6, 18, 23, 24] and periodicities of 10-11 bp reflect DNA bendability [4, 7] . In addition, statistical results can reflect the long range and short range correlation in DNA sequence [5, 6, [8] [9] [10] [11] [15] [16] [17] [18] 22] .
The genetic information is mainly stored in base correlations which are the basis for the grammatical construction of genetic language [8] . Base correlations can be divided into the short range and long range correlation. Up to date, there are no reports about base correlations in palindromes of human Y chromosome. Therefore, in this study, we focus our attention on mutual information, n-tuple entropy H n and conditional entropy h n , on the basis of information theory and statistical methods, combining with biological characteristics, to analyze the long range correlation and short range cor-relation in human Y chromosome palindromes and the relationship between interspersed repeat sequences and base correlations.
II. DATA AND METHODS

A. Human Y chromosome palindromes
Human Y chromosome has eight palindromes (P1-P8), their arms ranging from 9 kb to 1.45 Mb in length, and their arm-to-arm nucleotide identities of 99.94%-99.997% [1] . We downloaded human Y chromosome palindromes (P1-P8) from the National Center for Biotechnology Information (NCBI) [25] .
B. Mutual information
DNA is composed of 4 nucleotides (A, C, G, T), in which A refers to adenine, C refers to cytosine, G refers to guanine, and T refers to thymine. We attempt to determine the long range correlation by analyzing mutual information.
We denote by p i the relative frequency of nucleotide i occurring in the sequence, and by p ij (k) the relative frequency of the pair of nucleotides i and j within a distance k. Two symbols within a distance k are statistically independent if p ij (k) factors to p ij =p i p j for all i and j. The base-base mutual information function [6, [17] [18] [19] 21, 22] is
Mutual information I(k) can quantify the amount of information (in units of bits) that one can obtain about the identity of nucleotide i by learning the identity of nucleotide j located k nucleotides downstream. Clearly, I(k)=0 for random uncorrelated sequences, and I(k)>0 if p ij =p i p j , so I(k) measures any deviation from statistical independence. Due to the finite length, the bias of the mutual information for a sample of length N has been calculated to be I=9/(2N ln2) [17] , which is illustrated by a horizontal line in Fig.1 and Fig.3 . The mutual information I(k) is proportional to the sum over all 16 correlation function C(k), so a power law decay of C(k)∼k −γ is equivalently described by [17, 21, 22] . Hence, a scaling exponent γ of correlation function leads to an exponent 2γ for the mutual information. Furthermore, the mutual information I(k)∼k −2γ is related to spectral function S(f )∼f −β via γ=1−β [22] . Therefore, we can obtain the spectral exponent β by calculating the mutual information exponent 2γ, and if β is close to 1, it shows that it has 1/f noise and long range correlation.
C. n-tuple Shannon entropy and conditional entropy
The relative frequency of an oligonucleotide (n-tuple) which is n consecutive nucleotides is denoted by p i (n) , then the n-tuple Shannon entropy H n [15, 16, 20, 21] is defined by
Short range correlations between bases are reflected in a sub-linear growth of n-tuple Shannon entropy H n with length n, for example:
The conditional entropy h n [14, 21] is defined by
h n indicates the information contained in the (n+1)th letter, presuming the n previous letters are known. The decay of series h n (n=1, 2, . . ., 7) reflects the statistical dependencies with oligonucleotides of length n+1. All logarithms are taken to base 2 and thus the entropies are measured in bits. Consequently, for a random uncorrelated sequence:
D. Curve fitting and regression analysis
Curve fitting is finding a curve which has the best fit to a series of data points, possibly considering other constraints. Regression analysis allows for an approximate fit by minimizing the difference between the data points and the curve. Regression analysis is a technique used for the modeling and analysis of numerical data consisting of values of a dependent variable (response variable) and of one or more independent variables (explanatory variables).
Once a regression model has been constructed, it is important to confirm the goodness of fit of the model and the statistical significance of the estimated parameters. Commonly used checks of goodness of fit include R-squared and hypothesis testing. Statistical significance is checked by an F-test of overall fit, followed by t-tests of individual parameters.
III. CORRELATIONS IN HUMAN Y CHROMOSOME PALINDROME SEQUENCES A. Long range correlation
In 1992, Peng et al. found the long range correlation in DNA sequence [9] . In subsequent study, several methods have been proposed to study long range correlation in DNA sequences: spectrum analysis [5] , DNA walk [9] , information theory [21, 22] , and so on. Consequently, in this study, we attempt to determine the long range correlation in the palindromes of human Y chromosome by analyzing mutual information.
In order to compare with random uncorrelated sequences, we also analyze a random uncorrelated sequence whose length is 200 kbp. Taking into account the bias of statistics, we calculate mutual information I(k) for k≤10 3 bp according to Eq. (1), and then fit the data by linear function (y=ax+b) on the double logarithmic scale, the slope 2γ, correlation coefficient R, spectral exponent β are summarized in Table I . The fitting is significant after F-test and t-test (significance level α=0.05). Figure 1 Due to the finite length, the estimates of H n are biased and the bias of entropy increases with the oligonucleotide length proportionally to (λ n −1)/(2N ln2) [21] , hence, weakly biased estimates of H n and h n can be obtained for n≤7. Figure 2 shows that H n of a random uncorrelated sequence is linearly increasing with n and H n of palindromes are sublinearly increasing with increasing n, which indicates that there are weak, but nonvanishing, short range correlations with n-tuples for n=1, 2, . . ., 7. We find that (i) h n of a random uncorrelated sequence is approximately equal to 2; (ii) h n of palindromes decrease with the increasing of n, and the decay of H n and h n reflects that weak statistical dependencies exist within the n-tuple.
IV. EFFECTS OF REPEATS ON CORRELATIONS
Base correlations can be divided into the long range and short range correlation. In human Y chromosome palindromes, both the long range and short range cor- There is a great need to understand the origin of this phenomenon, making this is one of extremely urgent tasks that we are now addressing. Repetitive sequences account for at least 50% of the human genome [26, 27] . They can be classified into several categories, such as LINE, SINE, and LTR [26] . A human-specific and very abundant type of SINE is the Alu repeat, which constitutes about 10% of the human genome [26] . The Alu element, whose total length is about 300 bp, is a dimer consisting of two monomeric units, with an insertion sequence (about 31 bp) in the second unit [28, 29] . Accordingly, the left monomer is about 135 bp long and the right monomer is about 165 bp long. The reason for peaks of mutual information at about k=135 bp and k=165 bp is the Alu element [22] .
We utilize Repeatmasker [30] to find the type and content of interspersed repeats in palindromes of human Y chromosome; the results are summarized in Table II . The content of Alu element is lower than the average level of human genome which is about 10% [26] . The GC content of palindromes is lower than the average level of human genome which is about 41% [26] . In order to determine the relationship between the base correlations and repeat sequences, we generate random uncorrelated sequence and substitute repeats by simulated sequence in each palindrome. Take palindrome P5 as an example. In P5, the number of repeat elements is 1129 with a percentage of 66.05%, which range from 12 b to 9.9 kb including SINE, LINE, LTR, satellites, simple repeats, and low complexity elements. P5a is the sequence that replaces solely Alu repeats with random uncorrelated sequences, and P5b is the sequence that replaces all interspersed repeats with random uncorrelated sequences. Figure 3 shows a plot of mutual information I(k) of P5, P5a, and P5b vs. k. The horizontal line is the bias of mutual information. Figure 3 demonstrates that I(k) is larger in P5 than in P5a and P5b: in other words, I(k) in P5a and P5b shows significantly less correlation than in P5. The peaks in P5a at about k=135 bp and k=165 bp still exist, and hence the origin of the peaks is not Alu repeats. Furthermore, the decay of I(k) of P5b is close to the bias of mutual information which is shown in the plot of normal scale of Fig.3 , nevertheless the decay of I(k) of P5b is greater than the bias of mutual information which is shown in the plot of double logarithmic scale of Fig.3 . Therefore, long range correlation of P5b still exists for the scale of k=10 3 bp. Generally, the magnitude distribution of mutual information is P5>P5a>P5b for k=1, 2, . . ., 10 3 bp. In other words, the distribution of long range correlation is P5>P5a>P5b. Therefore, the long range correlation is mainly dominated by all interspersed repeats, and the long range correlation is given by repeat sequences.
We also select palindromes P5, P5a, P5b to study the short range correlation. Figure 4 is H n and h n of P5, P5a, P5b and random uncorrelated sequence versus n. According to Fig.4 , which demonstrate that P5 is close to P5a, the distribution of short range correlation is P5>P5a>P5b>random uncorrelated sequence. Therefore, we propose that the short range correlation is mainly decided by interspersed repeats.
V. RESULTS AND DISCUSSION
The palindromes in human Y chromosome which carry recognized protein-coding genes which seem to be expressed specifically in testes play an important role in the long stability of the evolution of the hu- man male. Furthermore, the palindromes have some unknown structure and function. Hence, interpretation of the genetic information which is stored in the palindromes in human Y chromosome is an urgent task for bioinformatics. The genetic information is mainly stored in base correlations which are the basis for the grammatical construction of genetic language. In order to exploit genetic information on genetic language one should first study the base correlations of the language.
As the basis for grammatical construction of genetic language, base correlations which are very important for genetic language in DNA sequence can be divided into the long range and short range correlation. Several statistical methods have been proposed to study long range and short range correlation in DNA sequences, but until the current research there were no reports about the base correlations in palindromes of human Y chromosome. Therefore, in this work, we utilize the methods of statistics and information theory to study the long range and short range correlation of palindromes of human Y chromosome. We find that the palindromes of human Y chromosome have both the long range and short range correlation, whereas the random uncorrelated sequence has no correlation between bases.
The plots of mutual information I(k) of P5 show that I(k) is dominated neither by sequence periodicity of k=3 bp nor by sequence periodicities of k=10-11 bp. However, I(k) exhibits peaks at about k=135 bp and k=165 bp and this can not be explained by Alu repeats because the peaks still exist in repeat modified P5a. The reason for this phenomenon requires further study. The decay of I(k) of P5b is greater than the bias of mutual information although I(k) of P5b is close to the bias of mutual information for k=1, 2, . . ., 10 3 bp. In other words, if all interspersed repeats are substituted by random uncorrelated sequences, the repeat modified P5b still has long range correlation for the scale of k=10 3 bp. According to Fig.3 , the magnitude distribution of mutual information is P5>P5a>P5b for k=1, 2, . . ., 10 3 bp. Therefore, we can conclude that the long range correlation is related to repeat sequences, and along with the content of repeat sequence increasing, the long range correlation will increase. On the other hand, in the light of Fig.4 , the magnitude distribution of the short range correlation which can be reflected by H n and h n is P5>P5a>P5b>random uncorrelated sequence.
VI. CONCLUSION
In summary, the palindromes of human Y chromosome have both long range and short range correlation, whereas the random uncorrelated sequence has no correlation between bases. Furthermore, the long range and short range correlation of palindromes of human Y chromosome are mainly dominated by repeat sequences, and the base correlations become stronger when the repeat sequence content increases. 
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